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The replicase of equine arteritis virus (EAV; family Arteriviridae, order Nidovirales) is expressed in the form
of two polyproteins (the open reading frame 1a [ORF1a] and ORF1ab proteins). Three viral proteases cleave
these precursors into 12 nonstructural proteins, which direct both genome replication and subgenomic mRNA
transcription. Immunofluorescence assays showed that most EAV replicase subunits localize to membranes in
the perinuclear region of the infected cell. Using replicase-specific antibodies and cryoimmunoelectron mi-
croscopy, unusual double-membrane vesicles (DMVs) were identified as the probable site of EAV RNA
synthesis. These DMVs were previously observed in cells infected with different arteriviruses but were never
implicated in viral RNA synthesis. Extensive electron microscopic analysis showed that they appear to be
derived from paired endoplasmic reticulum membranes and that they are most likely formed by protrusion and
detachment of vesicular structures with a double membrane. Interestingly, very similar membrane rearrange-
ments were observed upon expression of ORF1a-encoded replicase subunits nsp2 to nsp7 from an alphavirus-
based expression vector. Apparently, the formation of a membrane-bound scaffold for the replication complex
is a distinct step in the arterivirus life cycle, which is directed by the ORF1a protein and does not depend on
other viral proteins and/or EAV-specific RNA synthesis.

Equine arteritis virus (EAV) (20) is the prototype of the
family Arteriviridae, a novel family of positive-stranded RNA
viruses (for reviews, see references 35 and 45) which also
includes lactate dehydrogenase-elevating virus, porcine repro-
ductive and respiratory syndrome virus, and simian hemor-
rhagic fever virus. Together with the coronaviruses, the arteri-
viruses belong to the recently established order Nidovirales
(10). Despite remarkable differences in virion architecture and
genome size (13 to 16 kb for arteriviruses against 27 to 32 kb
for coronaviruses), the two virus families were united on the
basis of their striking similarities in polycistronic genome or-
ganization and expression strategy. The latter includes the
discontinuous transcription of a nested set of subgenomic
mRNAs to express the mostly structural genes in the 39 end of
the genome (10, 17, 46). Comparative sequence analysis
strongly suggested that the genes encoding the arterivirus and
coronavirus replicases are related by common ancestry (15, 46).

As in all nidoviruses, the EAV replicase gene is comprised of
two large open reading frames (ORFs), ORF1a and -1b, which
are both expressed from the genomic RNA. Following ORF1a
translation, a 21 ribosomal frameshift into ORF1b occurs with
an estimated efficiency of 15 to 20% (15). This expression
strategy leads to the generation of two multidomain precursor
proteins: the 1,727-amino-acid ORF1a protein and the 3,175-
amino acid ORF1ab protein. Both polyproteins are cleaved
extensively by three ORF1a-encoded proteases (47, 49, 50).
Our current understanding of EAV replicase processing is
summarized in Fig. 1. The ORF1a protein can be cleaved at

seven sites (48, 50, 61), yielding a number of processing inter-
mediates and eight end products, nonstructural protein 1
(nsp1) to nsp8. The N-terminal cleavage products nsp1 and
nsp2 are rapidly liberated by internal cysteine autoprotease
activities (47, 49). The remaining nsp3-8 intermediate (96 kDa)
is processed by the nsp4 serine protease (SP) (50, 61), which
also cleaves the ORF1b-encoded polyprotein three times (58,
59). The latter part of the replicase contains a set of highly
conserved functions which are essential for viral RNA replica-
tion and mRNA transcription (15, 57). Among its processing
products (nsp9 to nsp12) are the replicase subunits that carry
the putative viral RNA polymerase (nsp9) and helicase (nsp10)
activities (58, 59).

Immunofluorescence studies have revealed that most
ORF1a- and ORF1b-encoded replicase subunits localize to the
perinuclear region of EAV-infected cells, suggesting associa-
tion with intracellular membranes (56, 59). Double-label ex-
periments showed a substantial overlap with compartments
(the endoplasmic reticulum [ER] and/or the intermediate com-
partment [IC]) containing the cellular enzyme protein disulfide
isomerase (PDI). Furthermore, metabolic RNA labeling ex-
periments using bromouridine triphosphate (BrUTP) revealed
that viral RNA synthesis colocalizes with the membrane-bound
complex in which the replicase subunits accumulate. Since the
ORF1b-encoded part of the replicase does not contain do-
mains with significant hydrophobicity, ORF1a-derived cleav-
age products which do contain such regions (in particular,
nsp2, nsp3, and nsp5) were proposed to mediate the mem-
brane association of the arterivirus replication complex (48,
61). Biochemical analyses confirmed that a number of ORF1a-
encoded replicase subunits are indeed tightly associated with
membranes and behave as integral membrane proteins (22, 56).

In order to extend our characterization of the arterivirus
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replication complex to the ultrastructural level, we have used
electron microscopy (EM) to analyze EAV-infected cells after
conventional Epon embedding or cryoimmunogold labeling.
Our data suggest that EAV RNA synthesis is attached to
virus-induced double-membrane structures, which were previ-
ously observed in cells infected with different arteriviruses (8,
36, 52, 62, 64). Interestingly, very similar structures were in-
duced upon expression of ORF1a-encoded replicase subunits
nsp2-7 from a heterologous expression vector. This strongly
suggests that the formation of a membrane-bound scaffold for
the arterivirus replication complex is an important function of
these ORF1a-encoded subunits.

MATERIALS AND METHODS

Cells, viruses, and BrUTP labeling. Baby hamster kidney (BHK-21) and rabbit
kidney (RK-13) cells were used for infection experiments with the EAV Bucyrus
strain (20) by the protocol described by de Vries et al. (16). The newly synthe-
sized viral RNA in infected BHK-21 cells was labeled by using BrUTP from 6.5
to 7.5 h postinfection (p.i.) as described previously (56).

Sindbis virus expression system. The construction of Sindbis virus expression
vector pSinEAV(261-1677)His, which expresses a C-terminally hexahistidine-
tagged version of nsp2-7, was described by Wassenaar et al. (61). As before (61),
recombinant virus particles [vSinEAV(261-1677)His] were used for high-multi-
plicity-of-infection (MOI) experiments with BHK-21 cells, which were fixed and
processed for immunofluorescence assays or EM between 6 and 9 h p.i. A
control Sindbis virus expression vector for the green fluorescent protein
(pSinRep/GFP) was kindly provided by C. M. Rice, Washington University,
St. Louis, Mo.

Antisera and lectins. The EAV replicase-specific rabbit antisera used in this
study have been described previously (48, 59), with the exception of a novel
anti-nsp3 rabbit serum. The latter was raised by using a bovine serum albumin-
coupled synthetic peptide with the sequence Tyr-Val-Thr-Gly-Thr-Thr-Arg-Leu-
Tyr-Ile-Pro-Lys-Glu-Gly-Gly-Met-Val-Phe-Glu (corresponding to residues 1046
to 1064 of the EAV ORF1a protein, the C-terminal 19 residues of nsp3 [50]) and
following the immunization protocol described before (48). Due to the recent
revision of EAV nonstructural protein nomenclature (61), the names of some
antisera have been adapted to correspond to the number of the replicase cleav-
age product which they recognize (56). Mouse monoclonal antibodies (MAbs)
were used to visualize the localization of EAV ORF5-encoded glycoprotein GL
(MAb 93B [24]) and the cellular enzyme PDI (MAb 1D3 [60]). An anti-histidine
tag MAb (MAb 13/45/31 [66]) was used to detect hexahistidine-tagged expression
products. As before (56), an antibromodeoxyuridine rat MAb (BU1/75 [ICR1];
Harlan Sera-Lab Ltd., Loughborough, England) was used to visualize BrUTP-
labeled viral RNA. Biotinylated wheat germ agglutinin (WGA) and concanavalin
A (ConA) were obtained from Sigma Chemical Co. (St. Louis, Mo.). The lectins
were detected by using a mouse MAb to biotin (Sigma), followed by a rabbit
anti-mouse immunoglobulin G antibody and a protein A-gold conjugate.

Immunofluorescence microscopy. Cells were grown on coverslips, infected
with EAV or vSinEAV(261-1677)His particles, and paraformaldehyde fixed as
described by van der Meer et al. (56). Indirect immunofluorescence assays were
carried out as described previously (56), and samples were examined by using an
Olympus fluorescence microscope.

EM. For conventional Epon embedding and sectioning, BHK-21 or RK-13
cells infected with EAV or recombinant Sindbis virus particles were fixed for 1 h
in 1% glutaraldehyde in 200 mM cacodylate buffer (pH 7.4), washed repeatedly
in aqua destillata, and incubated for 1 h in cacodylate buffer containing 1% OsO4
and 1.5% K3Fe(CN)6. Following two subsequent 30-min incubations in 1%
tannic acid and 1.5% magnesium uranyl acetate, the samples were dehydrated by
using ethanol and embedded in Epon. Ultrathin sections were prepared and
stained with lead citrate.

For cryoimmuno-EM, infected BHK-21 or RK-13 cells were fixed by using 4%
paraformaldehyde and 0.1% glutaraldehyde in 200 mM HEPES, pH 7.4. Cells
were scraped from the dish, pelleted, and incubated in 2.3 M sucrose for 1 h at
room temperature. Subsequently, cell pellets were mounted on silver pins and
then flash frozen and stored in liquid nitrogen. The specimens were sectioned
with a Reichert Ultracut S ultramicrotome with a Reichert FCS cryoattachment
using a Drukker International diamond knife. Immunocytochemical labeling of
thawed cryosections was performed essentially as described by Griffiths et al.
(26). EM specimens were examined in a JEOL 1200EX or a Philips CM100
transmission electron microscope.

RESULTS

EAV nonstructural proteins and RNA synthesis localize to
DMVs. On the basis of immunofluorescence microscopy stud-
ies (56, 59), we have previously concluded that both EAV
nonstructural proteins and viral RNA synthesis are associated
with membranes which localize mainly to the perinuclear re-
gion of infected cells. To extend our analysis to the ultrastruc-
tural level, we employed cryoimmuno-EM of EAV-infected
BHK-21 and RK-13 cells at various stages of infection. The
results obtained with both cell lines were very similar.

A first cryo-EM analysis revealed the presence of unusual
vesicular structures with a double membrane (Fig. 2) which
were concentrated mainly in the perinuclear region of EAV-
infected cells. The facts that the number of these double-
membrane vesicles (DMVs) increased during the course of
infection and that they were not found in uninfected cells (data
not shown) indicated that the DMVs are induced by arterivirus
infection, as previously concluded by others (8, 36, 52, 62, 64).
Interestingly, immunogold labeling experiments revealed that
the DMVs in EAV-infected cells could be labeled by using our
EAV replicase antisera (see Materials and Methods). Not very

FIG. 1. Proteolytic processing scheme, hydrophobicity plot, and subunit nomenclature of the EAV ORF1a and ORF1ab replicase polyproteins (48, 59, 61). The
three EAV protease domains (papainlike cysteine protease [PCP], cysteine protease [CP], and SP) and their cleavage sites (arrows and arrowheads) are shown. In the
ORF1b-encoded polypeptide (hatched), the four major domains conserved in nidoviruses are depicted: POL, putative RNA-dependent RNA polymerase; M, putative
metal-binding domain; HEL, putative RNA helicase; C, conserved C-terminal domain specific for nidoviruses. The hydrophobicity plot was generated by the method
of Kyte and Doolittle (29). Values above the axis indicate hydrophobicity. The table specifies the N- and C-terminal residues of each of the EAV nonstructural proteins.
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abundant but highly specific labeling was obtained with rabbit
antisera recognizing the replicase cleavage products nsp2 (Fig.
2a), nsp3 (Fig. 2b), nsp4, nsp7-8, nsp9, and nsp10 (data not
shown).

Next, viral RNA synthesis in EAV-infected cells was meta-
bolically labeled by using BrUTP in the presence of dactino-
mycin as described previously (56). By using a BrUTP-specific
MAb, the localization of de novo-generated EAV RNA was
analyzed. A substantial part of the label was found to be as-
sociated with the DMVs (Fig. 2c), although staining of the
cytoplasm was also observed. The latter observation was not
surprising, since a part of the viral transcripts, e.g., the sub-
genomic mRNAs encoding the viral envelope and nucleocap-
sid proteins, can be expected to be released from the replica-
tion-transcription complex to be translated elsewhere in the
cytoplasm.

Taken together, our first cryoimmuno-EM data strongly sug-
gested that the EAV replication complex is associated with the
unusual double-membrane structures which are induced upon
infection. To characterize the generation of the DMVs in more
detail, we used conventional Epon embedding and sectioning
of EAV-infected cells, focusing in particular on the earlier
stages of infection, during which general cytopathic effects are
minimal and virus assembly cannot yet be detected.

EAV-induced DMVs appear to be derived from the ER. To
study the intracellular origin and ultrastructure of EAV-in-
duced DMVs, we examined single and serial sections of Epon-
embedded BHK-21 and RK-13 cells at 4, 8, and 12 h p.i. For
comparison, an immunofluorescence analysis showing the de-
velopment of EAV replicase staining at the light microscopic
level is shown in Fig. 3. BHK-21 cells were double labeled for
EAV nsp2 and the cellular marker PDI, which is a resident
luminal protein of the ER and IC. The first signal was a

punctate labeling of the perinuclear region which was observed
around 4 h p.i. Subsequently, dense replicase staining in a large
area around the nucleus developed, which substantially over-
lapped with the region of the cell that stained for PDI.

Our EM analysis (Fig. 4) revealed that at 4 and 8 h p.i., most
of the cytoplasm did not show obvious signs of virus infection.
DMVs surrounded by ER membranes were found mainly in
the perinuclear region. The region where DMV formation was
taking place also contained closely apposed ER membranes.
The DMVs were approximately 80 nm in diameter, and in
general, the inner and outer DMV membranes were tightly
apposed. The electron density of the interior of most DMVs
was similar to that of the cytoplasm. However, in some DMVs,
a more electron-lucent interior was seen. Interestingly, a gap in
the double membrane could be observed in some of the DMVs
(Fig. 4b), showing that the inner and outer DMV membranes
had not (or not yet) been sealed. In other DMVs, the outer
membrane was continuous with the membrane of a cellular
compartment, most likely the ER (Fig. 4b). However, many
DMVs appeared to be closed and to have fully separated inner
and outer membranes (Fig. 4c). Figure 4d shows an example of
a DMV which seemed to be forming from ER membranes. The
outer membrane is clearly continuous with the ER, whereas
the inner membrane appears to be fully separated. This elec-
tron micrograph suggests that, prior to DMV formation, the
ER membranes become closely associated and form an elec-
tron-dense neck-like structure. Thus, our collective morpho-
logical observations strongly suggested that the EAV-induced
DMVs originate from ER membranes.

During the course of infection, the ER membranes in in-
fected cells appeared more irregular in shape and an increasing
part became modified into DMVs or DMV-like structures. At
8 h p.i., the DMVs were less uniform in size than at 4 h p.i., but
they were still spherical and concentrated mainly in the region
surrounding the nucleus. At this stage of infection, part of the
Golgi stacks were somewhat dilated. At the latest time point
studied (12 h p.i.), the cells showed severe cytopathic effects
and well-developed Golgi stacks were rare. Most ER mem-
branes were closely apposed, and DMVs were spread through-
out the cell. Furthermore, the size and shape of the DMVs
were less uniform and their internal electron density was vari-
able: whereas some DMVs contained an electron-dense ma-
trix, others appeared to be partially or completely empty.

To analyze in more detail the DMV distribution in the cell
and the relationship with the ER membranes, we prepared
serial sections (thickness, approximately 50 nm) of BHK-21
cells at different stages of EAV infection (data not shown).
These experiments confirmed the concentration of DMVs in
the perinuclear region, in particular during the early stages of
infection. The vesicular nature of the DMVs appeared to be
corroborated by the fact that the same DMV was generally
seen in only two (or sometimes three) consecutive sections,
which rules out the presence of, e.g., long, tubular structures
with a double membrane. DMVs with a gap in the outer mem-
brane, which could be explained by a connection with the ER
as shown in Fig. 4d, were rare. These observations strongly
suggest that the DMVs are not permanently connected with
ER membranes and that the images in which a neck-like con-
nection with the ER was seen are likely to represent an inter-
mediate stage of DMV formation.

nsp2 to nsp7 localize to the perinuclear region in the ab-
sence of EAV replication. We have recently reported that a
number of ORF1a-encoded replicase subunits (in particular,
nsp2, nsp3, and nsp5) which contain hydrophobic domains
behave as integral membrane proteins in biochemical studies
(56). Thus, we wanted to investigate whether these viral pro-

FIG. 2. EAV replicase subunits and EAV RNA synthesis localize to DMV
structures. (a and b) Cryosections of EAV-infected RK-13 cells (8 h p.i.) were
labeled with rabbit anti-nsp2 (a) or anti-nsp3 (b) serum, followed by 10-nm
protein A-gold. Specific but not very abundant labeling of the DMVs was ob-
served. (c) Cryosection of EAV-infected BHK-21 cell (7.5 h p.i.) in which viral
RNA synthesis had been labeled by using BrUTP in the presence of dactinomy-
cin (see Materials and Methods). BrUTP-labeled RNA was detected by using an
anti-BrUTP rat MAb, followed by 5-nm protein A-gold. Labeling of both DMVs
and cytoplasm was observed. Bars, 100 nm.
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FIG. 3. Immunofluorescence double labeling showing the intracellular distribution of the ER-IC marker PDI (A, C, E, and G) and the EAV replicase (B, D, F,
and H) in EAV-infected BHK-21 cells. Cells were fixed at 4 (A and B), 6 (C and D), 8 (E and F), or 10 (G and H) h p.i. Subsequently, cells were processed for indirect
double-immunofluorescence analysis using rabbit anti-nsp2 serum (48) and a mouse anti-PDI MAb (60). Photographs were generated by using the same exposure times
for recording and printing.
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teins are directly involved in DMV generation in EAV-in-
fected cells. To this end, we used previously described alpha-
virus-based expression vector pSinEAV(261-1677)His (61),
which allows the expression of a hexahistidine-tagged version
of EAV nsp2-7 in the absence of EAV replication. The pSin-
Rep expression system (7) is based on the infectious cDNA
clone of the unrelated alphavirus Sindbis virus (SIN) and al-
lows high-level cytoplasmic expression of heterologous pro-
teins from the SIN subgenomic mRNA promoter. Further-
more, it is possible to package SIN RNA replicons into
recombinant SIN particles which can be used for high-MOI
infections of BHK-21 cells. Vector pSinEAV(261-1677)His
was previously used to express, purify, and sequence replicase
cleavage products encoded by the 39-terminal part of ORF1a
(61). The processing of the EAV nsp2-7His polyprotein ex-
pressed from this vector was similar to that in EAV-infected
cells, indicating that the internally located EAV nsp2 and nsp4
protease domains were functional (61).

Obviously, the use of another positive-stranded RNA virus
as an expression vector for EAV replicase proteins was a po-
tential complication. However, the alphavirus replication com-
plex is associated with modified endosomes and/or lysosomes
(23) and not—as in the case of EAV—with ER membranes.
Thus, we assumed that SIN replication would not necessarily
interfere with the functions of the EAV replicative proteins.
This assumption was supported by double-infection experi-
ments with wild-type EAV and SIN in BHK-21 cells (data not
shown). The two viruses, when present in the same cell, did
affect each other’s replication and/or genome expression to a

certain extent, as concluded from the somewhat reduced in-
tensity of the staining obtained with various antibodies. How-
ever, nonstructural and structural proteins of both EAV and
SIN were readily detected in double-label immunofluores-
cence studies, and the subcellular localization of these proteins
was not affected by the presence and replication of the other
virus. Finally, we used pSinRep/GFP, which expresses the
green fluorescent protein, and pSinRep/GFP-derived recom-
binant virus particles as a control in all experiments to rule out
the possibility that the observed changes (see below) resulted
from SIN replication instead of EAV nsp2-7 expression.

BHK-21 cells were infected with vSinEAV(261-1677)His or
vSinRep/GFP particles at an MOI of 5 to 10. At 6 and 9 h p.i.
(for SIN), cells were fixed and processed for immunofluores-
cence assays (Fig. 5). The subcellular localization of the EAV
nsp2 to nsp7 expression products strikingly resembled that in
EAV-infected cells (compare, e.g., Fig. 5A with Fig. 3D, F, and
H) and substantially overlapped with the area of the cells
which stained for PDI (Fig. 5B). Antisera recognizing nsp2,
nsp3, nsp4, and nsp7 all gave identical results. The presence of
the hexahistidine tag at the C terminus of nsp7 allowed us to
perform double-label experiments using a rabbit antiserum
recognizing the N terminus of nsp2 and an anti-His tag mouse
MAb. The results confirmed that the cleavage products carry-
ing these two epitopes, which are at the extreme N and C
termini of the nsp2-7His expression product, respectively, co-
localized completely (Fig. 5C and D).

Expression of EAV nsp2 to nsp7 induces DMVs. The striking
similarity between the subcellular localization of the EAV rep-

FIG. 4. Formation of DMVs from paired ER membranes. Epon sections of EAV-infected BHK-21 cells at 4 (b and d) or 8 (a and c) h p.i. (a) Overview of an
EAV-infected cell. The square indicates a region containing many DMVs surrounded by ER membranes. (b and c) DMVs at higher magnification. In panel b, the arrow
indicates a region of the DMV where the inner and outer membranes are continuous, thereby creating a connection between the DMV interior and the cytoplasm. The
two arrowheads show that the outer membrane of the other DMV is continuous with an intracellular membrane. (c) Image of a typical DMV with apparently sealed
inner and outer membranes. (d) Possible intermediate in DMV formation. The DMV appears to arise by protrusion of paired ER membranes. An electron-dense,
neck-like connection with the ER is clearly visible (arrowhead). The inner membrane of the DMV is separated, while the outer membrane is continuous with that of
the ER. N, nucleus; M, mitochondrion; PM, plasma membrane. Bars, 1 mm (a) or 100 nm (b, c, and d).
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lication complex in infected cells and that of the pSinEAV(261-
1677)His-derived expression products prompted us to extend our
analysis to the EM level. BHK-21 cells were infected with
vSinEAV(261-1677)His, fixed at 6 or 9 h p.i., and processed for
both Epon embedding and cryosectioning. The Epon sections
revealed the presence of closely apposed ER membranes and
large numbers of DMVs at 6 h p.i. (Fig. 6a). The DMVs were
very similar to those observed upon EAV infection (compare,
e.g., Fig. 4). The remaining part of the cells seemed unaffected
by the vSinEAV(261-1677)His infection. Three hours later,
even more ER membranes were closely apposed and DMVs
were dispersed throughout the cytoplasm. In general, the

vSinEAV(261-1677)His-induced DMVs were more variable in
size (up to 120 nm) and shape than those observed in EAV-
infected cells. Figure 6b demonstrates the proximity of the
DMVs to the closely apposed ER membranes in the perinu-
clear region. A connection between the DMV outer membrane
and the ER can be observed, suggesting again that the DMV
membranes originate from the ER. Closely apposed ER mem-
branes and DMVs were not observed in control cells infected
with vSinRep/GFP recombinant virus particles.

Finally, we employed cryoimmuno-EM to prove the associ-
ation of the EAV nonstructural expression products with
DMVs. Figure 6c shows that both DMVs and closely apposed
ER membranes were labeled for EAV nsp3. Similar observa-
tions were made for nsp2 and nsp4 (data not shown). The
sections of vSinRep/GFP-infected cells were not labeled with
any of the EAV replicase antisera (data not shown). Taken
together, these data leave no doubt that DMV formation can
be specifically induced by the expression of EAV nsp2-7, even
in the absence of EAV RNA synthesis or ORF1b-encoded
proteins. We postulate that these same replicase subunits are
also responsible for the induction of the DMV structures which
have been observed in cells infected with different arterivi-
ruses.

DMV formation does not involve membranes of the Golgi
complex. An extended cryoimmuno-EM analysis of EAV- and
vSinEAV(261-1677)His-infected BHK-21 cells was carried out
to study DMV formation in more detail. The anti-PDI MAb
was again used as an ER-IC marker, and a MAb specific for
EAV glycoprotein GL (24, 56) was used as a marker for the
Golgi complex. Furthermore, we used the lectins ConA and
WGA to identify intracellular membrane compartments. Oli-
gosaccharides on glycoproteins and glycolipids undergo se-
quential modifications during their transport from the ER
through the Golgi complex to the trans-Golgi network, which
are reflected in different specificities for lectins (25). ConA,
which is specific for mannose, labels the ER (including the
nuclear envelope), the entire Golgi complex, and the plasma
membrane. WGA, on the other hand, binds to terminal N-
acetylglucosamine and sialic acid and consequently labels only
oligosaccharides which have been exposed to sugar trans-
ferases in the Golgi complex (37).

Figure 6d demonstrates the colocalization of PDI and nsp3
on vSinEAV(261-1677)His-induced DMVs. In single-labeling
experiments with these antibodies, we observed one or two
gold particles per DMV. DMVs containing both markers (PDI
and nsp3) were less abundant than DMVs containing one of
the markers. In EAV-infected cells, the ER membranes and
the neck-like part of the presumed intermediates of DMV
formation were labeled for ConA (Fig. 7a), as were some of
the DMVs to a limited extent (Fig. 7b). At 12 h p.i., normal
Golgi stacks (Fig. 7c) were rare, and large cytoplasmic vacuoles
were observed, which were extensively labeled for EAV GL
(Fig. 7d). DMVs (Fig. 7e), ER membranes, and the neck-like
structures were not labeled for WGA, whereas Golgi stacks
and vacuoles (Fig. 7f) and the plasma membrane were labeled
abundantly. These observations suggested that these cytoplas-
mic vacuoles are dilated Golgi stacks which result from the
effects of EAV infection. The DMVs were not labeled for the
EAV GL protein, which, together with the results obtained
with WGA, makes it unlikely that the DMV membranes are
(partially) derived from the Golgi complex.

DISCUSSION

Membrane association of the RNA synthesis of positive-
stranded RNA viruses. The RNA-synthesizing machinery of all

FIG. 5. Immunofluorescence analysis of vSinEAV(261-1677)His-infected
BHK-21 cells at 7 h p.i. (A and B) Double staining for EAV nsp2 (A) and the
cellular enzyme PDI (B), a resident protein of the ER-IC. Note the striking
resemblance to the nsp2 staining obtained with regular EAV-infected cells (Fig.
3). (C and D) Double staining for EAV nsp2 (C) and the hexahistidine tag (D),
which was attached to the nsp7 C terminus of the vSinEAV(261-1677)His ex-
pression product (61).
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of the eukaryotic positive-stranded RNA viruses studied to
date is intimately associated with intracellular membranes
(see, e.g., references 3 to 6, 9, 12, 13, 23, 27, 38, 41, 44, 55, 63,
and 65 and references therein). The formation of a cytoplasmic
complex consisting of viral RNA, viral replicative proteins, and
host cell-derived membranes is one of the earliest steps in the
viral life cycle. Furthermore, an increasing number of host cell
proteins has been reported to be associated with positive-
stranded RNA virus replication complexes (for a recent re-
view, see reference 30). The reasons for the membrane asso-
ciation of viral RNA synthesis and the structure of the
membrane-bound replication complexes are still poorly under-
stood. The membranes may play a structural and/or functional
role by offering a suitable microenvironment for viral RNA
synthesis, or they may facilitate the recruitment of membrane-
associated host cell proteins for the purpose of viral replication
and transcription.

In many cases, positive-stranded RNA virus infection dra-
matically affects both the structure and function of the host cell
membrane system. Different forms of membrane-bound vesic-
ular structures and cytoplasmic vesicles, bound by either a
single or a double membrane, are induced by members of
different virus families. Alphaviruses (23, 27) and rubiviruses
(31, 32) modify endosomes and lysosomes, the replication of
bromoviruses and potyviruses is associated with the ER (38,
41), and the alfalfa mosaic virus replication complex is bound
to chloroplast membranes (13). Paired ER membranes and
vesicular structures are induced upon flavivirus infection and

label for nonstructural proteins and double-stranded RNA
(63). One of the most extensively studied positive-stranded
RNA virus replication complexes is that of poliovirus, which is
also associated with virus-induced vesicular structures (5, 12,
54). These structures were initially thought to be single-mem-
brane vesicles, but by using more advanced (cryo)fixation pro-
tocols, Schlegel et al. (42) more recently demonstrated the
presence of a double membrane. In particular, the poliovirus
2BC and/or 2C proteins are involved in the reorganization of
intracellular membranes for the purpose of viral RNA synthe-
sis and can also induce these changes upon expression in a
heterologous system (1, 2, 11, 53). Although the ER was con-
cluded to be a major source for poliovirus-induced membrane
vesicles, they contained markers from throughout the secretory
pathway (42), suggesting that the membranes of different com-
partments are used by the virus.

The data presented in this paper and a previous report (56)
provide convincing evidence that arterivirus RNA synthesis
also occurs in association with intracellular membranes. In this
case, the double-membrane structures which are induced for
this purpose appear to be specifically derived from the ER.
Nidovirus RNA synthesis comprises both genome replication
and discontinuous subgenomic mRNA transcription (for re-
views, see references 17 and 45). Both genomic and sub-
genomic replicative intermediates are found in cells infected
with arteriviruses (14) and coronaviruses (40, 44). Although
the EAV replicase proteins appear to localize exclusively to the
DMV structures, it remains to be determined whether the

FIG. 6. Formation of DMVs from ER membranes in vSinEAV(261-1677)His-infected BHK-21 cells. Epon sections (a and b) and cryosections (c and d) of cells fixed
at 6 or 9 h p.i. were used. (a) Overview of an infected cell with the square indicating a region which shows abundant DMV formation and closely apposed ER
membranes. (b) DMV formation from paired ER membranes. Note the electron-dense neck-like structures (small arrowheads) and the fact that the outer membrane
of these DMVs is continuous with the ER membrane, whereas the inner membrane appears to be separated. In both models (see Discussion and Fig. 8), the DMV
structure would wrap around a part of the cytoplasm, while the narrow lumen between the two closely apposed DMV membranes would be equivalent to the ER lumen.
(c) Cryoimmunolabeling of DMVs using anti-EAV nsp3 serum. (d) Double labeling for EAV nsp3 (large arrowhead, 10-nm gold) and PDI (small arrowheads, 5-nm
gold), demonstrating that DMVs and closely apposed ER membranes contain both nsp3 and PDI. PM, plasma membrane; M, mitochondrion. Bars, 200 (a) or 100 (b,
c, and d) nm.
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complexes involved in genomic and subgenomic RNA synthe-
sis are, in fact, one and the same.

ORF1a-encoded subunits form a membrane-associated scaf-
fold for the EAV replication complex. The cryoimmuno-EM
studies presented in this paper have clearly shown that most
EAV replicase subunits localize to the paired membranes and
DMVs which are induced upon EAV infection. The results
obtained with the heterologous SIN expression vector prove
that DMV formation is a distinct step in the arterivirus life
cycle, which is directed by ORF1a-encoded replicase subunits
and does not depend on other viral proteins and/or EAV-
specific RNA synthesis. In single-immunolabeling experiments,
many EAV replicase subunits (with the exception of nsp1)
localized to the same region of infected cells (56, 59). How-

ever, their colocalization had not yet been proven formally
because the fact that all of our replicase antisera had been
raised in rabbits prevented double-labeling experiments. The
presence of a His tag at the C terminus of the nsp2-7 expres-
sion product of pSinEAV(261-1677)His and the availability of
a mouse MAb specific for this epitope (66) have allowed us to
show that different replicase processing products do, indeed,
colocalize perfectly (Fig. 5C and D). More importantly, the use
of the SIN expression system will allow convenient and
straightforward delineation of the domains within the 1,417-
residue-long nsp2 to nsp7 region which are required for DMV
formation. Conserved hydrophobic domains in nsp2, nsp3, and
nsp5 have previously been implicated in membrane association
(56). However, the mechanism by which these domains are
inserted into the membrane is unclear, since they are part of a
large polyprotein which does not contain an N-terminal signal
sequence.

It is tempting to speculate on a regulatory role for the
ORF1a-encoded proteases in the membrane association of the
arterivirus replicase. Two early and essential cleavages (at the
nsp2/3 and nsp4/5 sites) occur immediately upstream of pre-
dicted membrane-spanning domains (56). Processing of the
nsp2/3 junction (Fig. 1) occurs within 15 min after polyprotein
synthesis (48) and liberates the N-terminal hydrophobic do-
main of nsp3. A very strong interaction between nsp2 and nsp3,
or nsp3-containing processing intermediates, was described
previously (48, 61). We recently obtained evidence that one of
the probable functions of the nsp2-nsp3 interaction is the for-
mation of a complex between nsp2 and nsp3-8, the C-terminal
half of the ORF1a protein (Fig. 1). This complex appears to be
required to allow nsp2 to act as a cofactor for cleavage of the
nsp4/5 junction by the nsp4 SP (61). In the absence of the nsp2
cofactor, the nsp4 SP is able to cleave various other sites in the
polyprotein, suggesting that the cofactor is not essential for the
basic enzymatic activity of the SP. Thus, it appears that the
formation of the nsp2-nsp3-8 complex is required for the cor-
rect presentation of the nsp4/5 site to the nsp4 SP. Processing
of the latter site liberates the hydrophobic N terminus of nsp5,
which seems to confer membrane association on many down-
stream processing intermediates (e.g., nsp5-7 and nsp5-8),
some of which appear to extend to the C terminus of the
ORF1b polyprotein (56). The elucidation of the interplay be-
tween polyprotein processing and membrane association, two
of the main functions of the ORF1a protein, will be an impor-
tant aspect of future studies on nidovirus replication com-
plexes.

Consequences and mechanism of DMV formation. The for-
mation of closely paired membranes and DMVs in arterivirus-
infected cells was described many years ago (8, 36, 52, 62, 64),
but they were never implicated in viral RNA replication or
transcription. In contrast to the generation of poliovirus-in-
duced DMVs (42), EAV DMV formation appears to involve
ER membranes only. This may be explained by a fundamental
difference between the two viruses: whereas poliovirus is a
nonenveloped virus, EAV acquires an envelope by budding
into pre-Golgi intracellular compartments. Consequently, ar-
teriviruses depend on a functional exocytotic pathway to be
able to leave the host cell. In contrast, protein secretion in
general is severely inhibited in poliovirus-infected cells (18, 19)
and typical Golgi stacks are not found (11). Poliovirus RNA
synthesis is blocked by brefeldin A, an inhibitor of ER-to-Golgi
transport (28, 34). A preliminary study has shown that this
drug—added either before or during EAV infection—blocks
virus production but does not interfere with the formation or
function of the replication complex (data not shown).

For porcine reproductive and respiratory syndrome virus,

FIG. 7. Cryoimmuno-EM analysis of EAV-infected BHK-21 cells (12 h p.i.)
labeled by using ConA (a and b), an anti-EAV GL MAb (c and d), and WGA (e
and f). (a) Possible intermediate in DMV formation. The ER lumen was exten-
sively labeled by using ConA, whereas labeling was greatly reduced in the region
where ER membranes are closely apposed. (b) DMV structure showing limited
labeling with ConA. (c) Localization of the EAV GL protein in the Golgi
apparatus. (d) Accumulation of the GL protein in vacuolar structures which are
probably dilated Golgi stacks. (e) DMVs from WGA-labeled cryosections, show-
ing the absence of labeling. (f) WGA labeling of (partially dilated) Golgi stacks
in EAV-infected cells. Bars, 100 (a, e, and f), 50 (b), or 200 (c and d) nm.
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Weiland et al. (62) proposed that the DMVs originate from the
ER by protrusion and detachment, a conclusion which seems
to be confirmed by our observations for EAV (Fig. 4 and 6).
Especially the formation of tightly paired membranes, which
seems to precede DMV formation, argues against the only
alternative model, a double-budding event (Fig. 8A). As also
proposed by Schlegel et al. for poliovirus (42), tightly paired
membranes may form an initially horseshoe-shaped structure,
which wraps around a part of the cytoplasm and could subse-
quently be sealed (Fig. 8B). This process would bear similarity
to the formation of autophagic vacuoles (12, 21, 42) and (to a
certain extent) to the assembly of the intracellular mature form
of vaccinia virus from crescent-shaped double IC membranes
(39, 51). In poliovirus-infected cells, horseshoe-shaped (puta-
tive) intermediates of DMV formation were observed quite
frequently (42). In the case of EAV, however, structures like
the one shown in Fig. 4d were rarely observed and can, in fact,
be explained in the context of both models (depending on the
plane of sectioning). Our analysis of serial sections suggested
that most EAV DMVs are closed vesicles, but additional ex-
periments are certainly required to prove this point. The pres-
ence of a permanent, narrow (neck-like) connection with the
ER cannot be excluded.

Assuming that DMV formation does, indeed, involve the
protrusion of a horseshoe-shaped double-membrane structure
from the ER, the prior association of EAV nonstructural pro-
teins with this compartment can be expected. The formation of
paired membranes may even result from direct interactions
across the ER lumen between the luminal domains of trans-
membrane nonstructural proteins. Alternatively, the associa-
tion of nonstructural proteins with the cytoplasmic face of the
ER might induce DMV formation by forcing the membrane
into a curved structure. This mechanism would resemble the

action of, e.g., coatomer and clathrin during the formation of
single-membrane vesicles with a function in cellular membrane
trafficking (33, 43). If the arterivirus DMVs are not sealed and
a connection between the DMV interior and the cytoplasm
remains, the cavity of this structure can be envisioned to form
a specific environment for viral RNA synthesis (Fig. 8B, step
IIIa). When DMVs are, indeed, closed vesicular structures, as
our analysis of serial sections seems to suggest, both cytoplasm
and nonstructural proteins associated with the DMV inner
membrane would be trapped inside. As a result, catalytic rep-
licase subunits associated with the inner membrane would be
lost for, e.g., viral genome replication and transcription. Such
problems would be circumvented if the RNA-synthesizing ma-
chinery assembled on the cytoplasmic face of the DMV outer
membrane only after this structure had been sealed. In fact,
this model may (partially) explain why ORF1a-encoded repli-
case subunits are overexpressed compared to ORF1b-encoded
proteins. The expression of the latter, which probably have a
more catalytic and less structural role in viral RNA synthesis,
is downregulated by ribosomal frameshifting in all nidoviruses.
Surprisingly, a recent study on the replication complex of the
coronavirus mouse hepatitis virus has revealed major differ-
ences from our findings on EAV (55). Various mouse hepatitis
virus replicase subunits and also viral RNA synthesis were
concluded to localize to late endosomal structures. Thus, de-
spite the common replicase organization and expression strat-
egy of arteriviruses and coronaviruses, they may use essentially
different mechanisms to form a membrane-associated scaffold
for their replication complex.
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